INTRODUCTION {#s1}
============

Carpal tunnel syndrome (CTS) is a clinical condition resulting from compression of the median nerve where it passes under the transverse carpal ligament in the wrist and is the most common entrapment neuropathy in the upper extremities[@r1]^)^. The diagnosis of CTS is often based on clinical examination and is confirmed by electrophysiological studies. Several studies on the ultrasound (US) evaluation of the median nerve have been published. Buchberger et al. were the first to report on the use of US in CTS and since then many studies have reported on the cross-sectional area (CSA) of the median nerve as a diagnostic indication of CTS[@r2],[@r3],[@r4],[@r5]^)^. The resolution of diagnostic US equipment has greatly improved and it has become possible to use US to evaluate peripheral neuropathies. The CSA at the level of the wrist crease was found to correlate with the sensory nerve conduction velocity (SNCV) (r=0.65) while the CSA at the level of the pisiform bone was found to correlate moderately with the SNCV (r=0.46)[@r6], [@r7]^)^.

Based on epidemiological data, CTS is currently considered to be either idiopathic or caused by overuse injury[@r8]^)^. Stroke patients are thought to overuse the non-paretic hand and although the non-paretic hand in stroke patients is typically considered normal, some studies have reported that CTS on the non-paretic side was a complication of chronic stroke[@r9],[@r10],[@r11]^)^. Sato et al. reported that distal motor latency and SNCV demonstrated greater latency in the non-paretic side in chronic stroke patients[@r11]^)^. They also described that sensory disturbance was observed in the median nerve distribution on the non-paretic side in 19.7% of cases who had a non-functional paretic hand. This has led to speculation that chronic stroke patients are susceptible to CTS. To date, there has only been a single report about US evaluation of the median nerve on both sides in stroke patients, however, this report did not involve a normal control group[@r12]^)^.

Previously, US imaging did not allow for the measurement of longitudinal sliding length (LSL) until Dilley et al. developed a software that facilitated this measurement[@r13]^)^. This method employs a cross-correlation algorithm to determine relative movement between successive frames in a sequence of ultrasound images. Dilley et al. reported the peripheral nerve LSL for the median nerve, the sciatic nerve and the tibial nerve in healthy individuals and individuals with CTS[@r13],[@r14],[@r15],[@r16]^)^. The LSL of the median nerve in patients with CTS tended to be shorter than that in healthy individuals, however, they did not perform these measurements in stroke patients[@r14]^)^. It remains unclear whether the LSL is altered on both sides in chronic stroke patients when compared with healthy volunteers.

Given the above, we hypothesized that the CSA would be larger on the non-paretic side and that the LSL of the paretic side and the non-paretic side would be shorter than those in healthy individuals. This study aimed to clarify the morphology and longitudinal movement of the median nerve in patients with chronic stroke and compare it with a healthy control group, using US to measure the CSA and LSL on both the paretic and non-paretic sides.

PARTICIPANTS AND METHODS {#s2}
========================

Forty patients with stroke were recruited for this study. The types of stroke included 27 cases of intracerebral hemorrhage, 10 cases of cerebral infarctions, and three cases of subarachnoid hemorrhage. The inclusion criteria used were as follows: (1) first-ever stroke, (2) 1 year or more post-stroke, (3) the paretic hand was non-functional, (4) walking independently, including walking with or without crutches or a brace, (5) absence of diabetes mellitus, (6) no medical history of CTS and (7) no severe aphasia. The duration of the period from onset was a median of 65 months (12−176 months). The characteristics of the participants are shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Characteristics of the participantsVariablesStroke patientsControlsp-valueNumber of participants (wrists)40 (80)25 (50)Gender (male/female)23/1714/110.91Age (years)65.0 ± 9.066.3 ± 8.00.65Height (cm)161.0 ± 8.7160.4 ± 18.10.81Weight (kg)59.8 ± 11.958.7 ± 10.90.86Type of stroke (n)Cerebral hemorrhage27Cerebral infarction10Subarachnoid hemorrhage3Duration (\<5.5 years/≥5.5 years)19/21Paretic side (right/left)21/19Data are shown as mean ± SD.. Asymptomatic controls (50 bilateral writs), matched for age, gender, height, and weight were enrolled in this study.

Before US measurements, all participants were interviewed about their present illness and previous history, and the presence of subjective symptoms and numbness in the median nerve area. Participants underwent a physical examination for sensory disturbance, Phalen's maneuver, and Tinel's sign.

B-mode real-time US scanning was performed using a MyLab25 ultrasound machine (Hitachi Medical Corp., Tokyo, Japan) with a 10-MHz linear array transducer. The measurements were performed with the patient in a supine position on a bed, with the elbow extended and the wrist kept in a neutral position. The median nerve was scanned using US in both the transverse and longitudinal planes at the level of the wrist. The landmark of the US measurements was at the level of the pisiform bone of the carpal tunnel in the transverse plane. The CSA was measured using Image J (NIH; https://imagej.nih.gov/ij/).

The longitudinal plane was used to track the fine speckle pattern of selected areas of interest within the nerve and to quantify relative nerve movement based upon the pixel shift that produced the highest correlation coefficient between adjacent frames[@r13]^)^. The LSL was defined as 60 degrees wrist dorsal extension from the neutral position at the proximal portion of the wrist and was measured using cross-correlation analysis, as previously described[@r13]^)^. Furthermore, for the comparison of the CSA and the LSL, the patients were assigned to either a short-term or long-term group based on a median duration of 5.5 years post-stroke.

This study was approved by the Seijoh University Research Ethics Committee (2014C0021) and written informed consent to participate was obtained from all participants.

An unpaired t-test and χ^2^ test were used to determine the statistical significance of differences between the physical characteristics of the stroke patients and the controls. Data was obtained from three groups: the paretic side, non-paretic side and controls, and the CSA and LSL were analyzed using one-way analysis of variance (one-way ANOVA). Post hoc multiple comparison correction was made using the Bonferroni test. The CSA and LSL in the short-term group and the long-term group were compared using the unpaired t-test. All statistical tests were 2-tailed, with a p-value of less than 0.05 considered to indicate statistical significance. The PASW Statistics ver18 software program was used for this study.

RESULTS {#s3}
=======

Four stroke patients (three males and one female) were clinically suspected of having CTS on the non-paretic side based on physical examination. They were all included in the long-term group.

The CSA and the LSL measurements in the three groups are shown in [Table 2](#tbl_002){ref-type="table"}Table 2.The CSA and the LSL in the three groupsParameterControl (50 wrists)Paretic side (40 wrists)Non-paretic side (40 wrists)CSA (mm^2^)7.47 ± 1.879.01 ± 2.659.93 ± 4.22\*LSL (mm)7.08 ± 1.875.75 ± 1.52^\#^6.78 ± 1.58Data are shown as mean ± SD.CSA: cross-sectional area; LSL: longitudinal sliding length.\*p\<0.05 when compared to control.^\#^p\<0.05 when compared to non-paretic side and control.. The CSA of the median nerve increased in the following order, the non-paretic side, the paretic side, and the controls, with a significant difference between controls and the non-paretic side (p=0.012). The LSL on the paretic side was significantly shorter compared with the non-paretic side and the controls (p=0.002, p=0.034). The CSA and the LSL in the long- and short-term groups were shown in [Table3](#tbl_003){ref-type="table"}Table 3.The CSA and the LSL in the long- and short-term groupsParameterLong-term group (n=19)Short-term group (n=21)CSAParetic side (mm^2^)9.50 ± 3.328.63 ± 1.91Non-paretic side (mm^2^)12.11 ± 5.47\*8.32 ± 1.64LSLParetic side (mm)5.79 ± 1.525.71 ± 1.51Non-paretic side (mm)6.76 ± 1.756.81 ± 1.37Data are shown as mean ± SD, \*p\<0.05 when compared to Short-term group.CSA: Cross-sectional area; LSL: Longitudinal sliding length.Long-term group: ≥5.5 years, Short-term group: \<5.5 years.There were no significant differences between the paretic side and non-paretic side in both the CSA and LSL measurements.. The CSA of the median nerve on the non-paretic side was significantly larger in the long-term group than in the short-term group (p=0.012). There was no significant difference in the LSL between the short-term and long-term groups on either side. When comparing the paretic side to the non-paretic side, there were no significant differences in the CSA or LSL.

In the four patients with suspected CTS on the non-paretic side in the long-term group, the CSA was extremely large when compared with the CSA of the controls and the paretic side of the stroke patients, ranging from 12.5 mm^2^ to 27.2 mm^2^. The LSL in these same four patients tended to be shorter than those in the control group, ranging from 4.30 mm to 8.90 mm. Statistical analysis was not performed due to the small number of cases.

DISCUSSION {#s4}
==========

In this study, the CSA of the median nerve in the controls was 7.47 ± 1.87 mm^2^, which was similar to what has been reported in previous studies[@r2],[@r3],[@r4],[@r5]^)^. In a report of the CSA of the median nerve in patients with stroke, Uğurlu et al.[@r12]^)^ compared the paretic and the non-paretic sides. Uğurlu et al. determined that the CSA was 10.5 ± 2.0 mm^2^ on the non-paretic side, compared to 9.8 ± 2.1 mm^2^ on the paretic side, representing a 7.1% enlargement on the non-paretic side. In the present study, the CSA was enlarged by 10.2% on the non-paretic side compared to the paretic side, and was increased by 32.9% when compared with controls ([Table 2](#tbl_002){ref-type="table"}). In the study from Uğurlu et al. participants were included with a relatively short disease duration of 14.2 ± 16 months and paresis of varying severity. Our study differed from theirs in terms of disease duration and the functional severity of the paretic hand. We therefore assumed that the non-paretic side was more obviously overused and the results of our study seem to support this. Although we did not demonstrate a significant difference in the CSA of the median nerve between the paretic side of the stroke patients and the controls, the value tended to be larger in the paretic side than in the control group. Chronic stroke patients often present with elbow flexion, wrist palmar flexion and finger flexion due to increased muscle tone which causes joint contractures. The change in CSA on the paretic side may therefore be due to abnormal limb positioning and disuse.

It has been reported that US-determined LSL tends to be shorter in patients with CTS[@r14]^)^. In our study, the LSL was 7.08 ± 1.87 mm in controls ([Table 2](#tbl_002){ref-type="table"}). A similar LSL value has also been reported in cadavers with wrist dorsal flexion (7.2 ± 1.1 mm)[@r17]^)^. This shows the methodological reliability of determining LSL by US. The LSL on the paretic side was significantly shorter than the LSL of the controls in both the long- and short-term groups of our study. We postulate that this may be related to the obvious stiffness of the soft tissue on the paretic side. CSA of non-paretic side of the long-term group was significantly larger than the short-term group. The post-stroke duration is considered to influence the morphology of the median nerve owing to overuse, particularly in patients with a non-functional hand. However, there was no significant difference between the LSL of the short-term group and long-term group on the paretic side and the non-paretic side. Thus, the median nerve was restricted in extension on both sides after stroke, even in the short-term, due to stiffness of the soft tissue around the wrist. Dozono et al. reported that excessive use of a walking device was associated with the onset of peripheral neuropathy in the hand on the non-paretic side, based on electrophysiological studies done in chronic stroke patients[@r18]^)^. The patients in our study were all ambulant individuals with or without a walking device or brace. With a longer duration after the onset of a stroke, it is possible that CTS will develop in patients who are capable of independently performing ADL's, because the limb on the non-paretic side is used continuously, leading to overuse.

Features suggestive of CTS were observed on the non-paretic side in 4 patients with stroke in the long-term group (10% of all participants). Notably, the CSA of the median nerve in these patients was extremely large (67.3−264.1% increase compared to controls). This is likely due to the fact that the median nerve in these individuals was more swollen than in the control group ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.The cross-sectional area of the median nerve in (A) a control individual, and (B) an individual with suspected carpal tunnel syndrome on the non-paretic side (the sonogram shows the swollen median nerve).The cross-sectional area of a control individual at the level of the pisiform bone shows the median nerve outlined using ImageJ software. MN: median nerve; PB: pisiform bone; SB: scaphoid bone.). Furthermore, the LSL tended to be shorter than in the controls. In light of our findings, similar results from previous US-based studies and findings of the neurological examinations, these patients were suspected of having CTS[@r2],[@r3],[@r4],[@r5],[@r6],[@r7], [@r13]^)^ Many reports of US-examination in CTS have shown that the CSA of the median nerve was enlarged at the level of the inlet of the carpal tunnel[@r5], [@r6]^)^. This swelling is also noted in individuals with CTS at the level of the pisiform bone, and the CSA of patients with CTS was enlarged by 70−90% when compared to healthy individuals in previous studies[@r2],[@r3],[@r4],[@r5]^)^ Fowler et al. reported that electrophysiological studies of the median nerve in patients with CTS had lower sensitivity and specificity than examination by US[@r19]^)^ Thus, we consider that US is the preferred means for evaluating suspected cases of CTS, given its ease of use and reliability.

US has become reliable as a diagnostic tool for the assessment of CTS. The change in the CSA that can be detected with US allows early neuropathy evaluation, and US may have more clinical utility than electrophysiological studies. In stroke patients with a non-functional paretic hand with a long period after onset, it is important to evaluate the CSA of the median nerve on the non-paretic side to ensure that function is maintained, even if there are no symptoms. This study was limited in that the relationship between the US findings and the activities of the participant while walking (with or without crutches) were not clarified.

In conclusion, we assessed the CSA and the LSL of the median nerve in patients with chronic stroke and compared it with normal individuals. We revealed that the CSA of the median nerve was the largest on the non-paretic side, particularly in the long-term group. This was deemed to be due to overuse of the non-paretic hand in the patients with stroke, posing a risk of developing CTS. These results indicate that it is important that physicians and therapists pay careful attention to the possibility of CTS in patients with chronic stroke. In future studies, a larger number of patients, including patients with and without independent ambulation, should be investigated.
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